Summary. -Horizontal gene transfer (HGT) is the probable origin of new genes. Identification of HGTintroduced genes would be helpful to the understanding of the genome evolution and the function prediction of new genes. In this study, a method using support vector machine (SVM) was used to distinguish horizontally transferred genes and non-horizontally transferred genes of mammalian herpesviruses based on the atypical composition identification, with accuracy higher than 95% within a reasonable length of time by using just a common PC. This identified 302 putative horizontally transferred genes, 171 genes being identified for the first time. Although most putative transferred genes are of unknown function, many genes have been discovered or predicted to encode glycoproteins or membrane proteins.
Introduction
HGT is one of the main mechanisms contributing to microbial genome evolution (Ochman et al., 2000; Shackelton and Holmes, 2004) , allowing rapid diversification and adaptation. It is also an important resource of new genes. Many "captured" new genes are biased to antibiotic resistance and pathogenicity-related function (Nakamura et al., 2004; Willms et al., 2006) . Identification of genes introduced by HGT is important for the study of the genome evolution and the function prediction of new genes. In Lawrence and Ochman's studies Ochman, 1997, 1998) , three parameters, χ 2 of codon usage, the codon adaptation index CAI, and various indices of GC content, were used to evaluate HGT in Escherichia coli. In our previous paper, a novel method based on the frequencies of oligonucleotides was used to discover horizontally transferred genes in herpesvirus (Fu et al., 2008) . Here we present another novel method that exploits genomic composition to discover putative horizontally transferred genes in herpesviruses.
The herpesviruses are a group of large DNA viruses, which infect members of all groups of vertebrates, as well as some invertebrates. Herpesviruses have been typically classified into three subfamilies based upon biological and molecular characteristics. To date, eight discrete human herpesviruses have been described, each causing a characteristic disease. Herpesviruses have large genomes. One of them, cyprinid herpesvirus 3, has the largest genome, with approximately 300 kb of DNA encoding about one hundred and sixty genes. Among the proteins they encode, many have been distinguished to have essential viral functions, such as in genome replication and capsid assembly, or are being involved in direct interaction with the host, effecting immune evasion, cell proliferation, and apoptosis control. Many of these proteins are likely to have been acquired from the host to mimic or block normal cellular functions (Moore et al., 1996; Alcami and Koszinowski, 2000; McFadden and Murphy, 2000) . Identification and analysis of such "acquired" viral genes may lead to better understanding of the origin and evolution of these transferred genes and to the development of therapeutic strategies to combat persistent viral infections.
Materials and Methods
General description. Each genome has a characteristic "signature", such as codon biases, short oligonucleotide composition and others, which is relatively constant throughout the genome (Mrazek and Karlin, 1999; Garcia-Vallvé et al., 2000 . Genes transferred from foreign organisms would retain the characteristic signature of its origin for a relatively long time (Lawrence and Ochman, 1997; Nakamura et al., 2004) . Hence, transferred genes can be detected on the basis of the signature difference between donor and receptor. This paper describes a distinct method that uses SVM to distinguish between transferred and non-transferred genes. SVM was trained using the signature of conserved mammalian herpesvirus genes as the features of the receptor, and that of conserved mammalian genes as the features of the donor. The method includes following steps: (1) collecting datasets, (2) generalizing the compositional features, and (3) training the SVM program and detecting the horizontally transferred genes.
Collection of datasets. Gene sequences of 33 mammalian herpesvirus genomes (Table 1 ) and the full-length gene sequences of four mammals (human, bovine, mouse and rat) were downloaded from Genbank. The conserved proteins were determined using the Tatusov method that was used to identify clusters of orthologous groups (COGs) in NCBI (Tatusov et al., 1997 (Tatusov et al., , 2003 . COGs of proteins were recognized by an all-against-all BLASP similarity search (Altschul et al., 1997) among the 33 complete genomes. Herpesvirus genes were classified into COGs based on the protein sequence . Given pairwise hits among herpesvirus proteins, COGs were defined by single-linkage clustering. 20 groups of proteins (660 genes, listed in Table 2 ) that were conserved in 33 herpesviruses were used as the dataset of non-transferred genes. The same number of mammalian conserved genes identified with the same method was used as the dataset of transferred genes for module training. All genes, excluding the 660 conserved genes in herpesviruses, were used as the test dataset, and the same number of genes from the four mammals (other than the 660 conserved genes) were selected and used as the negative control dataset.
Generalization of compositional features. The compositional feature vector for any given DNA sequence over a set of templates π={π 1 , π 2 ,…, π q } is denoted as Φ(s)=(p 1 , p 2 ,…, p q ); here π i is k-mer oligonucleotide template α 1 α 2 …α k , p i is the frequency of template π i in sequence. Instead of using the absolute template frequencies, we normalize these frequencies over the expected template frequencies, which can be derived from the single nucleotide composition:
where p(α 1 α 2 …α k ) is the frequency of template α 1 α 2 …α k , p(α j ) is the frequency of the j th nucleotide of the template α 1 α 2 …α k . So every gene is depicted by a 4 k dimension vector. Training of the svm_learn.exe in the SVMlight and discrimination of the transferred genes by svm_classify.exe in SVMlight. SVMlight (Joachims, 1998) , including svm_learn.exe and svm_classify.exe, is an implementation of SVMs in C. SVM is a new pattern-recognition method based on recent advances in statistical learning theory. Given two sets of training data points in a high-dimensional input space, the objective of the SVM method is to learn a function that will take the value of +1 in the region, where the positive data points are concentrated, and the value of -1, where the negative points are concentrated. The function to be learned is modeled as a hyperplane in a transformed space (=feature space), and hyperplane parameters are estimated so that its margin with respect to the training data is maximized.
The compositional features calculated from the training datasets were used to train the learning module svm_learn. exe with the linear kernel function and cost factor 1. The ideal output of positive data and negative data were set to +1 and -1, respectively. The training result was used as a classifier input file for the classify module svm_classify.exe to discriminate between transferred and non-transferred genes in the test dataset. The negative control dataset was used to test the accuracy of discrimination. 
Results

Datasets and their composition features
The k-mer oligonucleotide frequencies of the 660 conserved genes in herpesviruses and the 660 conserved genes in the four mammals were used as the positive dataset and the negative dataset (non-transferred genes and transferred genes), respectively. The frequencies of 2721 genes other than the conserved genes in herpesviruses were taken as the test dataset, and those of 1143 genes other than the conserved genes for every mammal were taken as the negative control dataset (the maximum number of the bovine full length genes other than the conserved genes in the database was 1143, so the same number of other mammalian genes was used). The number of data for every gene was dependent on the number of the nucleotides in the template, which was 4 k in k-mer oligonucleotide frequency.
Training of the learning module and discrimination for the transferred genes
The output of each training procedure was a classifier file, which was then used for the classify module to discriminate the test data. Using this new method, altogether 302 genes in herpesviruses (length ≥500bp) were detected as putative transferred genes (Table 4) , among which 266 were from Gammaherpesviruses, 32 from Betaherpesviruses, and 4 from Alphaherpesviruses, implying that gene acquisition in Gammaherpesvirus was more active than in the other two groups, which agreed with Holzerlandt's results (Holzerlandt et al., 2002) and our previous conclusion (Fu et al., 2008) . Although most putative transferred genes are of unknown function, many genes have been discovered or predicted as encoding glycoproteins or membrane proteins.
Discrimination accuracy
The result of transferred gene discrimination (shown in  Table 3 ) indicated that discrimination accuracy reached more than 90% when normalized frequencies of k-mer oligonucleotide (k = 2, 3, or 4) were taken as the compositional feature vectors to quantify the genes. Comparative evaluation of different methods for quantifying genes demonstrated that using dinucleotides as a template already has yielded the best discrimination result, which only required to process 4 2 data for every gene, computer resource affordable using even a general private computer. 
Discussion
In this paper, we introduced a composition-based framework for the detection of horizontal gene transfers by using SVM. This method reached a higher accuracy (over 95%) in detecting horizontally transferred genes compared to the Tsirigos and Rigoutsos's paper (2005a, b) (less than 70%) and our previous method (less than 95%) (Fu et al., 2008) . Using this method, 302 transferred genes were identified in 33 mammalian herpesviruses. However, in our previous paper, only 141 transferred genes were predicted (Fu et al., 2008) . This paper used the SVM instead of the Mahalanobis distance, the posterior probability, or stepwise and Fischer linear discriminant analysis used in previous reports (Nakamura and Itoh, 2004; Tsirigos and Rigoutsos, 2005a; Fu et al., 2008) to classify the two opposite groups. SVM is a new pattern recognition method based on statistical learning theory and has been used on a large variety of problems, including text classification (Joachims, 1998 (Joachims, , 1999 , image recognition tasks, bioinformatics and medical applications. It showed many advantages in the classification of small samples, nonlinear and multidimensional data. The algorithm has scalable memory requirements and can handle problems with many thousands of support vectors efficiently.
Although SVM has been used to detect the HGT of the herpesviruses in Tsirigos and Rigoutsos's paper (2005b), they used this algorithm to analyze only one herpesvirus -HHV-5, and reached the accuracy of less than 70%. In their analysis, the general signatures of most genes in the genome were used for discrimination: a gene with a signature outside of the general signatures of most genes in this genome would be considered as transferred gene. However, by training the learning module of SVMlight for subsequent horizontally transferred gene detection with the conserved genes of viruses as the dataset of non-transferred genes and the conserved genes of mammals as the dataset of transferred genes, our method avoids artificial setting of a threshold for discrimination, as the previous method does, which calcu- Table 4 continued lates the distance between the gene and the genome. In our method, all mammalian herpesviruses were considered as a cluster to be analyzed because they have similar genome composition. This increased the amount of the analyzed data, but it also enlarged the distribution scope of the points of gene compositional signature, and probably decreased the exactness of the analysis. Fortunately, the opposite data are the host genomes, which have very different gene compositional signature, so that using all mammalian herpesviruses would not influence the exactness of the result. For the same reason, using the dinucleotides as the template to generalize the compositional signatures of genes have yielded the best discrimination results, and this procedure required to process only 4 2 data for every gene, comparing to 4 8 data for every gene in previous reports, which used 8-ker oligonucleotide template (Tsirigos and Rigoutsos, 2005a,b) and 4 3 in our previous paper, which used trinucleotide template. The result indicated that our method is perfect for the detection of herpesvirus transferred genes that could be recently acquired from the mammalian hosts (some genes transferred anciently were not detectable, the reason see below). This method can be expanded to the detection of transferred genes from hosts other than mammals just by training learning module of SVMlight with the conserved genes from those hosts as the dataset of transferred genes.
Short sequences (<500 bp) often appear atypical for stochastic reasons and might be misidentified as having been transferred (Lawrence and Ochman, 2002) . In order to overcome this problem, we avoided using short conserved genes (for example UL49A in HHV-1) as the non-transferred genes and deleted all short sequences (<500 bp) in our sequence datasets.
Although the function of most of the transferred genes detected with this method is unknown, many had been determined or predicted to be glycoproteins, membrane proteins or involved in the interaction with host, for example, dealing with the immune response, such as IL-10, cell apoptosis such as Bcl-2, and cell proliferation control, such as cyclin and mitogen, which was well consistent with other investigators' conclusion (Raftery et al., 2000; Holzerlandt et al., 2002; Fu et al., 2008) . 131 transferred genes detected by our method had been reported to be transferred genes in previous studies or to have cellular homologues and had been suggested that they might have been pilfered from their host (marked with * in Table 4 ). For example, the beta-1,6-N-acetyl-glucosaminyltransferase was suggested to have been acquired from an ancestor of the buffalo after the origin of the Bovinae (Markine-Goriaynoff et al., 2003) . UL122 and UL123 in HHV-5 had been predicted by Tsirigos and Rigoutsos (Tsirigos and Rigoutsos, 2005b) . IL-10 in HHV-4 and CeHV-15 was believed to have a eukaryotic origin in many previous papers (Raftery et al., 2000; Holzerlandt et al., 2002; Hughes, 2002; Fu et al., 2008) . Herpesvirus homologues of cellular genes include G protein-coupled receptor (GCR) or its homologues in EHV-2, CalHV-3, CeHV-15, MuHV-4, AlHV-1 and HHV-4, Bcl-2 or its homologues in MuHV-4, CeHV-15, AlHV-1 and BoHV-4, DNA polymerase or its homologues in CeHV-15, HHV-4, AlHV-1, BoHV-4, MuHV-4 and SaHV-2, dihydrofolate reductase in SaHV-2, small subunit of ribonucleotide reductase in AlHV-1, BoHV-4, MuHV-4, SaHV-2, AtHV-3, CeHV-15 and HHV-4, thymidylate synthase in CeHV-15, BoHV-4, EHV-2, MuHV-4, SaHV-2 and AtHV-3, v-FGAMsynthetase or its homologues in HHV-4, AlHV-1, BoHV-4, MuHV-4 and SaHV-2, cyclin or its homologues in MuHV-4, SaHV-2 and AtHV-3 (Raftery et al., 2000; Holzerlandt et al., 2002) . Apart from these predicted genes, other transferred genes detected in this study were identified as horizontally transferred genes for the first time.
As for these firstly identified transferred genes, some of them are homologues of transferred genes, which had been predicted previously. For example, the ORF19 in CalHV-3 is homologous to the BDLF2 in HHV-4, and BFRF2 in CeHV-15 is similar to that in HHV-4. The latters were predicted as transferred genes in our previous paper. The formers were identified in this research. This may be due to the high sensitivity of SVM method over others. The high sensitivity could also mark some non-transferred genes as transferred genes because of their only a little atypical composition, which may result from factors other than transfer. So we had to combine different methods to analyze the transferred genes.
Many of the transferred genes predicted in this paper were linked with some of the transferred genes identified previously. For example, BCRF2 and BWRF1 in HHV-4 are linked with BCRF1 (IL-10). BMRF1 and BMRF2 in HHV-4 are linked with BaRF1 (ribonucleotide reductase, small subunit). ORF58 in AlHV-1 is linked with ORF59 (DNA polymerase). ORF73 and A10 in AlHV-1 are linked with ORF75 (formylglycineamide-synthase) and A9 (Bclfamily of proteins). ORF10 in BoHV-4 is linked with ORF9 (DNA polymerase). ORF58 and ORF59 in BoHV-4 are linked with ORF60 (ribonucleotide reductase, small subunit). ORFE8 and ORF75 in EHV-2 are linked with ORF74 (GCR). ORF4 and ORF6 in MuHV-4 are linked with M4 (GCR homologue). M6 and ORF16b in MuHV-4 are linked with ORF21 (thymidine kinase). ORF10 in SaHV-2 is linked with ORF9 (DNA polymerase). ORF 71 in SaHV-2 is linked with ORF72 (cycline homologue). ORF10 and ORF11 in AtHV-3 are linked with ORF14. HGT always occurred in cluster, so these newly identified genes may have been horizontally transferred together with their linked genes.
Some transferred genes, which might have been transferred very early and have undergone long time of "amelioration", might already have the features of the recipient genomes (Lawrence and Ochman, 1997) and already lost their atypical characteristics. Genes like these were not detectable by this method and were considered as non-transferred genes. For example, the UL2 and UL50, which have been reported to be transferred from their host very early (Baldo and McClure, 1999; Holzerlandt et al., 2002; Davison and Stow, 2005) , were considered as non-transferred genes in our study.
Unusual nucleotide composition was what this method was based on. Some conserved genes were identified as transferred genes in this paper due to their atypical composition such as BcLF1 in CeHV-15 and ORF25 in AlHV-1, BoHV-4, MuHV-4 and SaHV-2, which encode the major capsid protein, UL71 in PoHV-4 and ORF55 in AlHV-1, which encode tegument protein, U53.5 in HHV-7 and ORF 17.5 in EHV-2, which encode the capsid scaffold protein. Although unusual nucleotide composition mainly resulted from the transfer events, other reasons may also cause unusual nucleotide composition. For example, BZLF and RTA transactivators as well as EBNA-1 and IE1, IE2 proteins contain anomalous clusters of charged amino acid residues (Karlin et al., 1989) , which would result in unusual nucleotide composition and would bias the results towards identifying these genes as transferred genes. In this case, the unusual nucleotide composition is the result of the function of the gene itself rather than recent HGT. Transfer events may sometimes not lead to an unusual composition because of the "amelioration" or the similar composition of the donor. These factors limit the development of detection methods based on composition to some extent. Our method is based on the result of unusual composition from the transfer events. Its accuracy reached the value of over 95%, though the sensitivity of detection for every herpesvirus may be different because of their different evolution rates.
When the result of this paper was compared with that of our previous paper, which used the discrimination package of SPSS to identify HGTs, it was found that there were 93 genes identified by both composition-based methods. Other genes identified by only one composition-based method may be the result of different accuracy or transferring at different time. We also compared our composition-based method with the method based on the similarity search, the earliest and the most intuitive way of identifying horizontally acquired genes. In the similarity method, gene transfers are recognized by an unusually high level of similarity among genes found in otherwise unrelated organisms. Using this method, altogether 23 groups of proteins were identified to be horizontally transferred genes (Table 5) . Among them, 14 groups (marked * in Table 5 ) were detected by the composition-based method, other 9 groups were identified only by the similarity method. So the results of these two prediction methods overlap to some extent. This occurs because each of the methods used to detect HGT recognized different features in their target genes and are thus testing different types of hypotheses. The impact of HGT on the entire evolution of a lineage must be inferred from present-day sequences, and the different approaches used to recognize HGT must rely on specific models of sequence evolution. The different methods are based on different assumptions. The similaritysearch method identifies genes, whose closest homologues are found in taxa not otherwise related to the query genome, and thus it uncovers a set of genes biased towards those that have been transferred across large phylogenetic distance, regardless of their time of arrival into a genome. On the other hand, the composition-based method examines sequence features and preferentially identifies genes that have been recently introduced into a genome from an organism having different mutational biases, regardless of phylogenetic distance. Assuming that the frequency of transfer between lineages is inversely related to their phylogenetic distance, these two methods would identify quite different sets of genes (Lawrence and Ochman, 2002) . This phenomenon has been observed by Ragan (Ragan, 2001) , who used the different methods to recognize significantly different subsets of genes as being subject to horizontal transfer.
Every method has its own advantage and disadvantage in identification of HGT. The composition-based method can escape from the complicated phylogenetic analysis, it requires a completed genome and can employ many mathematic models to design the arithmetic. But it has its limitation as illuminated above. Transferred gene is not the only reason of atypical composition. Evolution selection, mutation preference and the different orientation of transcription can influence the composition. The genes transferred from a donor having similar composition and the ameliorated genes transferred anciently can not be detected. The similarity-search method is simple and intuitive, but it also has its limitation: first, horizontally transferred gene is not the only mechanism that produces conflicts between phylogenies. Some genes might be coincidentally deleted from multiple lineages, leading to unusual distributions among extant organisms, or similarity can result from convergent evolution. Moreover, the proliferation of gene families can make the identification of orthologous sequences difficult, and rapid sequence evolution makes alignment of homologous sites equivocal. Second, the result of the similarity-search method is limited by the capacity of the search database. Third, the level of similarity is a man-made factor, if it is set too high, the sensitivity will be very low, if it is set too low, the accuracy will be also very low. In our analysis, the similarity score is 100 and this is relatively high. So using this method still led to the loss of many horizontally transferred genes, but this can be compensated by the atypical composition identification. Fourth, the similarity-search method can not decide the direction of transfer. Horizontally transferred gene may be transferred from the virus to the host, but also from the host to the virus. Fifth, the similarity usually combines the phylogenetic analysis to predict the HGT, but this deduction could be incorrect due to the low number of sequences used for analysis or the incredible phylogenetic relationship. For example, most phylogenetic trees showed that the rates of evolution of viral genes were faster than the evolution rates in the genes of other organism. This may lead to the most frequent problem, the long branch attraction. To solve this problem, more and nearer sequences should be analyzed and a more excellent method for reconstruction of phylogenetic trees should be used. So whenever possible, application of a variety of methods provides the best information about the scope of gene transfer across broad timescales.
